Nomenclature {#nom0005}
============

SSA-F

:   Steam saltsalt-alkali filtered enzymatic hydrolysate

SSA-U

:   Steam saltsalt-alkali unfiltered enzymatic hydrolysate

MSA-F

:   Microwave saltsalt-alkali filtered enzymatic hydrolysate

MSA-U

:   Microwave saltsalt-alkali unfiltered enzymatic hydrolysate

X

:   Cellconcentration, g/L

X*~0~*

:   Initialcell concentration, g/L

X*~max~*

:   Maximumcell concentration, g/L

μ*~max~*

:   Maximumspecific growth rate

P

:   Ethanolconcentration, g/L

P*~max~*

:   Maximumpotential ethanol concentration, g/L

r*~p,m~*

:   Maximumethanol production rate, g/L.h

t

:   Fermentationtime, h

t*~L~*

:   Lagphase, h

S

:   Substrateconcentration, g/L

K*~S~*

:   Monodconstant, g/L

1. Introduction {#sec0005}
===============

Global energy demand is currently met by fossil fuels with more than 80% of the total energy market comprising of these conventional sources. The transport sector alone accounts for 60% of the total usage \[[@bib0005]\]. However, the finite supply of these fossil fuels and their contribution to greenhouse gas emission upon combustion are major challenges. It is therefore necessary to obtain an alternative source of energy \[[@bib0010]\].

Lignocellulosic biomass is considered an important feedstock for biofuel production in mitigating fossil fuel dependence and its related greenhouse gas emissions (\[[@bib0015],[@bib0020]\]). Agricultural wastes, such as sugarcane leaves are currently a major problem for agriculture from an environmental standpoint, thus its conversion to biofuels is highly advantageous \[[@bib0025]\]. Second generation bioethanol is one such fuel and is considered clean, affordable and sustainable with the inherent capacity to replace conventional fuel \[[@bib0030]\]. In contrast, first generation bioethanol utilizes edible feedstocks thereby contributing to the food versus fuel debate \[[@bib0035]\].

Microorganisms such as *Saccharomyces cerevisiae* are often employed in the production of bioethanol, thus playing a key role in the fermentation process. However, due to the recalcitrant properties of lignocellulosic biomass, these microorganisms are unable to hydrolyse or access the glucose polymer, cellulose. Furthermore, enzymatic hydrolysis is also hampered due to the complexities in the lignocellulosic structure \[[@bib0005]\]. For this reason, the biomass has to undergo an effective pretreatment prior to fermentation \[[@bib0040]\]. Our previous work established a steam and microwave-assisted sequential salt-alkali pretreatment (SSA and MSA respectively) which effectively enhanced enzymatic hydrolysis \[[@bib0045]\]. However, the effect of steam and microwave pretreatment could significantly impact on the process kinetics and ultimately the scale-up efficiency and productivity. Currently, there is a scarcity of studies comparing the effect of steam and microwave pretreatment of sugarcane leaves on bioethanol production kinetics using *Saccharomyces cerevisiae* BY4743.

Two main fermentation modes have been frequently reported for bioethanol production, separate hydrolysis and fermentation (SHF) and simultaneous saccharification and fermentation (SSF) \[[@bib0050]\]. In the SHF process, the pretreated material is hydrolysed to simple sugars and subsequently undergoes fermentation. A major advantage of this process is it allows independent optimization of the enzymatic and fermentation phase to maximize sugar and ethanol yield respectively \[[@bib0050]\]. However, there is high cost to separating the solid and liquid fractions of the hydrolysate, particularly at large scale \[[@bib0055]\]. Several studies have highlighted the SSF system as a potential solution. In this strategy, the hydrolysis and fermentation occur in the same reactor, thus negating the need for a separation stage. This technique also has significant drawbacks such as specialised equipment requirements, high concentration of inhibitor formation and non-reusability of the yeast due to lignin separation \[[@bib0050]\]. However, the main drawback is the different optimum temperatures required for the enzyme (usually cellulase) and the fermenting microorganism, usually 50 and 30 °C respectively \[[@bib0060]\]. Ultimately, preference is given to the microorganism resulting in a sub-optimal saccharification process. Another potential solution, is to remove the separation stage from the SHF process. There is a dearth of knowledge on the effect of filtered and unfiltered enzymatic hydrolysate on fermentation process kinetics. Moreover, the solid waste residue from the SHF process effluent could be an attractive additional revenue stream for animal feed since the plant material has been delignified to enhance digestibility. Furthermore, there could be an increase in protein content due to the yeast cell biomass \[[@bib0065]\].

With increasing interest in the commercial applications of batch bioethanol processes, several kinetics models have been proposed which describe microbial growth, product formation and substrate consumption \[[@bib0070]\]. These models are extremely useful in the process development of bioethanol production, since they assist in predicting fermentation performance in response to changes in various factors \[[@bib0075]\]. This study employs the Monod, logistic and modified Gompertz models to comparatively describe the microbial growth and bioethanol production from pretreated SLW.

The aim of this study was to therefore examine the kinetics of SHF bioethanol fermentation from two previously optimized pretreatment techniques of sugarcane leaf waste, under two fermentation modes using *Saccharomyces cerevisiae* BY4743. These include SSA filtered enzymatic hydrolysate (SSA-F), SSA unfiltered enzymatic hydrolysate (SSA-U), MSA filtered enzymatic hydrolysate (MSA-F) and MSA unfiltered enzymatic hydrolysate (MSA-U). In addition, the potential of the fermentation effluent as animal feed was also explored.

2. Methods {#sec0010}
==========

2.1. Feedstock and pretreatment {#sec0015}
-------------------------------

Sugarcane leaf waste (SLW) employed in this study was harvested from a sugarcane plantation located in the North Coast of South Africa. Prior to pretreatment, the leaves were dried at 60 °C for 72 h and milled to ≤ 1 mm. The substrate pretreatment protocols have been described in our previous study \[[@bib0045]\]. For the steam salt-alkali method (SSA), SLW was first treated with 1.73 M ZnCl~2~ for 30 min at 121 °C followed by 1.36 M NaOH at 121 °C for 30 min. For the microwave-assisted salt-alkali (MSA), SLW was pretreated with 1.67 M ZnCl~2~ at 400 W for 5 min in the first stage followed by 1.52 M NaOH in the second stage. All pretreated samples were washed thoroughly with deionized water until a neutral pH was obtained. Briefly, the SSA and MSA pretreatment exhibited a lignin removal of 80.5 and 73% and hemicellulose removal of 51.9 and 62% respectively. Similar cellulose recoveries of 88 and 87% were observed for the SSA and MSA pretreatments respectively \[[@bib0045]\]. Enzymatic hydrolysis was performed in sodium citrate buffer (pH 4.8, 0.05 M) with a solid and enzyme loading of 10% (w/v) and 10 FPU/g respectively. The commercial cellulase enzyme preparation, Cellic CTec 2, was kindly supplied by Novozymes (Novozymes A/S, Denmark). Saccharification was achieved at 50 °C for 72 h at 120 rpm in a shaking incubator.

2.2. Microorganism and inoculum development {#sec0020}
-------------------------------------------

This study employed *Saccharomyces cerevisiae* BY4743 and was supplied by the Department of Genetics, University of KwaZulu-Natal, Pietermaritzburg, South Africa. The culture was aseptically maintained on a double strength YPD slant (20 g/L yeast extract, 40 g/L peptone and 40 g/L dextrose). Prior to fermentation, the stock culture was streaked onto YPD media (10 g/L yeast extract, 20 g/L peptone and 20 g/L dextrose) and incubated at 30 °C for 24 h thereafter a single colony was inoculated into YPD broth and incubated at 30 °C overnight in a shaking incubator at 120 rpm.

2.3. Batch fermentation {#sec0025}
-----------------------

### 2.3.1. Fermentation medium {#sec0030}

Bioethanol production was investigated with two pretreatment types under two different fermentation modes. These included: steam salt-alkali filtered enzymatic hydrolysate (SSA-F), steam salt-alkali unfiltered enzymatic hydrolysate (SSA-U), microwave salt-alkali filtered enzymatic hydrolysate (MSA-F) and microwave salt-alkali unfiltered enzymatic hydrolysate (MSA-U). For experiments examining the effects of unfiltered enzymatic hydrolysate on process kinetics, the enzymatic hydrolysate did not undergo a filtering process to remove the solid residues. Pretreated SLW was added to give an initial glucose concentration of 60 g/L in the fermentation media. Additional nutrients consisted of yeast extract 5 g/L, peptone 5 g/L, KH~2~PO~4~ 2 g/L, MgSO~4~∙7H~2~O 1 g/L and (NH~4~)~2~SO~4~ 1 g/L.

### 2.3.2. Fermentation conditions {#sec0035}

Bioethanol fermentation was performed in 100 ml Erlenmeyer flasks. A 10% (v/v) inoculation was used with an initial cell count of between 10^6^ and 10^8^ cells/ml. The pH of the fermentation medium was adjusted to 4.5 and fermentation was carried out at 30 °C with an agitation of 120 rpm for approximately 24 h or until ethanol production ceased. Aliquots were withdrawn for sugar, ethanol and biomass analysis every 2 h.

2.4. Analytical methods {#sec0040}
-----------------------

Total reducing sugar was quantified with the 3,5-dinitrosalicylic acid method \[[@bib0080]\] and glucose was measured using a glucose kit assay (Megazyme). The yeast biomass concentration in the fermentation broth was determined using a pre-established correlation dependence on biomass dry weight as a function of cell count \[[@bib0070]\]. The concentration of bioethanol was determined using a Vernier Ethanol sensor interfaced with the Vernier LabQuest monitor (ETH-BTA, Vernier Software and Technology, USA). The sensor employs a metal oxide semiconductor to detect ethanol. In the measuring principle, ethanol is consumed in a combustion reaction with the metal oxide, thus reducing the internal resistance of the sensor element. The change in resistance is converted to a response voltage corresponding to ethanol concentration. The sensor was calibrated and tested with known concentrations of ethanol prior to analysis. Crude protein, ash and fat content in the fermentation effluent was analysed using previous established protocols \[[@bib0085],[@bib0090]\].

2.5. Kinetic models and calculation of kinetic parameters {#sec0045}
---------------------------------------------------------

The kinetic studies of the four fermentation types (SSA-F, SSA-U, MSA-F and MSA-U) were investigated. The growth kinetics was described using Monod's equation with the following conventions: (a) the broth culture in the flask was homogenous, (b) yeast cells were viable and (c) the mixing speed of 120 rpm was in excess of the needs for the fermentation process to provide adequate mass transfer. The Monod equation describes the relationship between cell growth rate and substrate concentration. To obtain the Monod kinetic parameters K~S~ and μ~max~, five experiments with varying initial glucose concentration (10, 20, 40, 50, 70 g/L) were conducted in duplicate. The processes were sampled every 2 h, and sugar consumption and cell growth were monitored. The specific growth rates (μ) were estimated using experimental data obtained during the exponential phase by linear regression from the slope of natural log of biomass vs time (Eq. [(1)](#eq0005){ref-type="disp-formula"}):$$\text{μ} = \frac{\text{ln}\left( {X_{2} - X_{1}} \right)}{\, t_{2} - \, t_{1}}$$

The maximum specific growth rate (μ~max~) and Monod constant (K~S~) were subsequently estimated using the non-linear least squares method \[[@bib0095]\].$$\text{μ} = \,\frac{\text{μ}_{max}S}{K_{s} + S}$$

In addition to the Monod kinetic model, the logistic model is increasingly being used to describe microbial growth systems. A term considering inhibition of growth by ethanol concentration was not included, since the maximum ethanol concentration obtained in this study is far below the 15% threshold which inhibits yeast cells \[[@bib0100]\]. The differential form of the logistic Eq. [(3)](#eq0015){ref-type="disp-formula"} is shown below:$$\frac{dX}{dt} = \,\mu_{max}\, \bullet \,\left( {1 - \,\frac{X}{X_{max}}} \right) \bullet \, X$$where *X~max~* is the maximum yeast cell concentration (g/L) and μ*~max~* is the maximum specific cell growth rate (h^−1^). With the following boundary conditions: *t* = 0, ∴ *X* = *X~0~*, a sigmoidal variation of *X* is given as a function of *t*. Eq. [(3)](#eq0015){ref-type="disp-formula"} can then be integrated to give the logistic Eq. [(4)](#eq0020){ref-type="disp-formula"} which describes the exponential and stationary phase. The experimental data was used to fit this equation.$$X = \frac{X_{0} \bullet {\text{exp}{(\mu_{max} \bullet t)}}}{1 - (X_{0}/X_{max}) \bullet (1 - {\text{exp}\left( {\mu_{max} \bullet t} \right)})}$$

The above logistic model does not predict the death phase of microorganisms after the stationary phase \[[@bib0070]\].

The modified Gompertz model was adopted to describe the kinetics of bioethanol formation (Eq. [(5)](#eq0025){ref-type="disp-formula"}). This model defines the change in ethanol concentration during the course of fermentation. Experimental data was used to fit the modified Gompertz equation using the least squares method (CurveExpert V1.5.5):$$P = \, P_{m} \bullet {\text{exp}\left\{ {- {\text{exp}{\left\lbrack \frac{r_{p,m} \bullet {\text{exp}{(1)}}}{P_{m}} \right\rbrack\, \bullet \left( {t_{L} - t} \right) + 1}}} \right\}}$$where P is the bioethanol concentration (g/L), P~m~ is the potential maximum bioethanol concentration (g/L), r*~p,m~* is the maximum bioethanol production rate (g/L h) and t*~L~* is the lag phase (h).

The sugar utilization, ethanol (EtOH) productivity and fermentation efficiency were calculated using Eqs. [(6)](#eq0030){ref-type="disp-formula"}, [(7)](#eq0035){ref-type="disp-formula"}, [(8)](#eq0040){ref-type="disp-formula"} respectively:$$Sugar\, utilization\,\left( \text{\%} \right) = \,\frac{Amount\, of\, Initial\, sugar - final\, sugar}{Amount\, of\, initial\, sugar\,}\, \times 100$$$$Ethanol\, productivity\,\left( {g/L.h} \right) = \frac{Maximum\, ethanol\, concentration\,(g/L)}{Fermentation\, time\,(h)}$$$$Fermentation\, efficiency\,\left( \text{\%} \right) = \,\frac{Experimental\, ethanol\, yield\,(g/L)}{Theoretical\, ethanol\, yield\,(g/L)}\, \times 100$$

3. Results and discussion {#sec0050}
=========================

3.1. Growth kinetics of S. Cerevisiae BY4743 on pretreated SLW {#sec0055}
--------------------------------------------------------------

The change in biomass concentration over time under the four different fermentation conditions is shown in [Fig. 1](#fig0005){ref-type="fig"}. A shorter lag time of 4 h was observed under SSA-F and SSA-U whereas, slightly longer lag times of 6 h were observed under MSA-F and MSA-U. This can be attributed to the presence of trace amounts of certain inhibitory products in the MSA enzymatic hydrolysate. Microwave-assisted pretreatment has been reported to have a higher severity factor; thus producing a higher concentration of inhibitory compounds compared to steam pretreatment \[[@bib0105]\]. In addition, there may be production of inhibitors during enzymatic hydrolysis due to the hydrothermal breakdown of the lignocellulosic components owing to the process temperature and duration. Some of the reported inhibitors from microwave-assisted metal chloride pretreatment of SLW include acetic acid, furfural and hydroxymethyl furfural (HMF) \[[@bib0110]\]. Acetic acid increases the intracellular pH of *S. cerevisiae* leading to an increase in the lag phase and decrease in the growth rate \[[@bib0115]\]. Similarly, furfural and HMF can synergistically affect the growth rate of *S. cerevisiae* by affecting glycolytic activity, causing oxidative stress and reducing the activity of various dehydrogenases \[[@bib0120]\].Fig. 1Time course of biomass concentration under the four examined fermentation conditions.Fig. 1

The logistic models were in agreement with the experimental values, showing high coefficients of determination (R^2^ \> 0.97). The estimated values for the kinetic parameters were found to be in close range with the empirical values. These values and the developed models for each fermentation type are summarized in [Table 1](#tbl0005){ref-type="table"}. Slightly higher X*~max~* values were obtained under SSA-F and SSA-U fermentation conditions (4.70 and 4.56 g/L respectively) compared to 4.36 and 4.35 g/L for MSA-F and MSA-U respectively, further suggesting the steam pretreated substrate was more favourable and promoted cell growth. Phukoetphim et al. \[[@bib0070]\] reported a similar maximum cell concentration (X*~max~*) of 5.145 g/L from sweet sorghum juice whereas, Dodic et al. \[[@bib0125]\] reported a value of 8.381 g/L from sugar beet juice. These varying X*~max~* values could be accounted for by differences in yeast strain, substrate and working volume. The maximum specific growth rate (μ*~max~*) obtained from the logistic model under SSA-F and SSA-U conditions were 0.24 and 0.26 h^−1^ respectively whereas, MSA-F and MSA-U were 0.28 and 0.29 h^−1^ respectively. This was an indication that filtered and unfiltered enzymatic hydrolysate had a negligible effect on the maximum specific growth rate. This further implies the non-requirement of a separation stage, thus enhancing process economics and productivity at a large scale. However, the μ*~max~* values obtained from the Monod model were 0.153 h^−1^ for SSA-F and SSA-U, and 0.150 h^−1^ for MSA-F and MSA-U. The difference in the μ*~max~* values between model types (logistic and Monod) can be ascribed to the intrinsic parameters and boundaries employed by each model. For instance, the logistic model considers the biomass concentration from the lag phase to stationary phase, disregarding the substrate utilization whereas, Monod considers both the biomass concentration (however only in exponential phase) and the rate limiting substrate \[[@bib0130]\]. Differences in μ*~max~* values from the logistic and Monod models have been previously reported. Manikandan and Viruthagiri \[[@bib0135]\] observed a μ*~max~* of 0.307 and 0.095 h^−1^ using the Monod and logistic model respectively for ethanol production from wheat flour. Likewise, the Monod and logistic model gave μ*~max~* values of 0.65 and 0.45 h^−1^ using glucose for ethanol production \[[@bib0140]\]. The maximum specific growth rates obtained in the present study are within range of previous studies. Srimachai et al. \[[@bib0145]\] reported a μ*~max~* of 0.15 h^-1^ from oil palm frond juice and a μ*~max~* of 0.27 h^-1^ was reported from sweet sorghum juice \[[@bib0070]\]. The obtained μ*~max~* values are highly desirable, particularly for commercial scale up since growth rates \> 0.025 h^−1^ have been shown to linearly increase the fermentative capacity of *Saccharomyces* species. Furthermore, higher growth rates may trigger respirofermentative metabolism, thus resulting in an increase in fermentative capacity \[[@bib0150]\]. Moreover, the μ*~max~* values are within range of previous pilot scale studies. For example, a μ*~max~* of 0.34 h^-1^ was reported in the production of ethanol from molasses at 300 000 L \[[@bib0155]\].Table 1The logistic models describing cell growth under different fermentation condition.Table 1Fermentation conditionsX~o~ (g/L)X~max~ (g/L)μ~max~ (h^−1^)Logistic equationR^2^PredExpPredExpPredExpSSA-F0.270.264.704.410.240.24$X = \frac{0.27 \bullet {\text{exp}{(0.24 \bullet t)}}}{1 - (0.27/4.70) \bullet (1 - \text{e}\text{x}\text{p}(0.24 \bullet t)}$0.98SSA-U0.230.204.564.540.260.24$X = \frac{0.23 \bullet {\text{exp}{(0.26 \bullet t)}}}{1 - (0.23/4.56) \bullet (1 - \text{e}\text{x}\text{p}(0.26 \bullet t)}$0.98MSA-F0.200.164.364.270.280.26$X = \frac{0.20 \bullet {\text{exp}{(0.28 \bullet t)}}}{1 - (0.20/4.36) \bullet (1 - \text{e}\text{x}\text{p}(0.28 \bullet t)}$0.98MSA-U0.180.144.353.150.290.27$X = \frac{0.18 \bullet {\text{exp}{(0.29 \bullet t)}}}{1 - (0.18/4.35) \bullet (1 - \text{e}\text{x}\text{p}(0.29 \bullet t)}$0.97[^1][^2]

Monod constants (K~S~) of 4.91 g/L for SSA-F and SSA-U, and 5.61 g/L for MSA-F and MSA-U were obtained ([Table 2](#tbl0010){ref-type="table"}). A lower K~S~ value indicates the microorganism's inherent affinity to the substrate since its reciprocal describes the cells affinity to the substrate type. The higher K~S~ value obtained under MSA-F and MSA-U conditions could be explained by the presumptive presence of inhibitory compounds in the fermentation medium. Overall, *S. cerevisiae* showed a higher substrate affinity with the steam (0.20 g/L^−1^) and microwave (0.17 g/L^−1^) pretreated SLW compared to previous studies on sweet sorghum juice (0.021 g/L^−1^, \[[@bib0160]\]) and sorghum leaves (0.10 g/L^−1^, \[[@bib0165]\]). The difference in K~S~ is affected by substrate type and concentration, and yeast strain and concentration \[[@bib0170]\].Table 2The effect of different fermentation conditions and substrate type on Monod kinetic parameters.Table 2SubstrateKinetic parameterReferenceμ~max~ (h^−1^)Ks (g/L)SLW (SSA-F and SSA-U)0.1534.19This studySLW (MSA-F and MSA-U)0.1505.61This studySorghum leaves0.17610.11\[[@bib0165]\]Sweet sorghum juice0.1192.08\[[@bib0185]\]Sweet sorghum juice0.31347.51\[[@bib0160]\]Glucose0.1333.7\[[@bib0190]\]Oil palm frond juice0.1510.21\[[@bib0145]\]

3.2. Kinetics of bioethanol fermentation from pretreated SLW {#sec0060}
------------------------------------------------------------

The experimental profiles for bioethanol production and glucose consumption with *S. cerevisiae* from SSA-F and MSA-F are shown in [Fig. 2](#fig0010){ref-type="fig"}. Ethanol production commenced almost immediately from the initial hours of fermentation and increased gradually until it peaked at 18 h into the process. Under SSA-F conditions, a considerably higher ethanol concentration (28.47 g/L) was achieved compared to MSA (23.01 g/L). This higher ethanol production under SSA-F compared to MSA-F conditions is substantiated by the higher maximum specific growth rate and substrate affinity observed in the Monod models. Li et al. \[[@bib0175]\] reported a significantly lower ethanol concentration (17.5 g/L) from acid pretreated corn leaves. Similarly, a lower ethanol concentration (4.71 g/L) from acid pretreated sugarcane leaves was reported by Jutakanoke et al. \[[@bib0180]\]. Under SSA-F conditions, *S. cerevisiae* showed a higher glucose consumption rate of 4.5 g/L.h from 0 to 6 h into the fermentation whereas a lower glucose consumption rate of 4.0 g/L.h was observed with MSA-F between 0 and 8 h of fermentation.Fig. 2Times course of bioethanol production and glucose consumption from SLW under SSA-F and MSA-F fermentation conditions.Fig. 2

The profile of ethanol production and glucose consumption from SLW with SSA-U and MSA-U is shown in [Fig. 3](#fig0015){ref-type="fig"}. The ethanol production and sugar consumption trends, showed similarities to the SSA-F and MSA-F conditions presented in [Fig. 2](#fig0010){ref-type="fig"}. The ethanol production commenced 2 h into the fermentation and peaked at 18 h with 28.81 g/L (SSA-U) and 16 h with 22.72 g/L (MSA-U). Similarly, *S. cerevisiae* reached a maximum glucose consumption rate of 5 g/L.h during the first 6 h of fermentation with SSA-U whereas, a glucose consumption rate of 4.5 g/L.h was obtained during the first 7 h of fermentation with MSA-U. The lower ethanol concentration observed under MSA-U conditions could be ascribed to the decline in pH from 4.54 to 3.90 compared to the SSA-U process with a relatively stable pH slightly decreasing from 4.55 to 4.23 ([Fig. 4](#fig0020){ref-type="fig"}). The decline in pH could be attributed to the generation of acetic acid from the hydrothermal breakdown of the hemicellulosic acetyl groups present in the pretreated sugarcane leaf waste biomass \[[@bib0195]\]. Furthermore, the severity of microwave pretreatment would infer a higher concentration of acetic acid release compared to steam pretreatment. In addition, the presumptive presence of furfural in the enzymatic hydrolysate could be a contributor to the decline in pH since *S. cerevisiae* has been shown to metabolize furfural compounds into furoic acid and furfuryl alcohol \[[@bib0200]\]. The decline in pH from the 11^th^ h of fermentation (MSA-U) also coincided with the decrease in glucose consumption and ethanol production rates from 2.5 to 1 g/L.h and 2.3 to 0 g/L.h respectively. Furthermore, *S. cerevisiae* is known to produce ethanol optimally at pH of 4.5. A pH beyond this range affects the activity of plasma membrane-bound proteins and includes both enzymes and transport proteins \[[@bib0205]\]. The pH of the SSA-F and SSA-U experiments showed a relatively slower drift remaining close to the optimum value of 4.5 compared to MSA-F and MSA-U with the final pH values below 4. This could account for the lower ethanol concentration and glucose consumption.Fig. 3Times course of bioethanol production and glucose consumption from SLW under SSA-U and MSA-U fermentation conditions.Fig. 3Fig. 4Time course of pH evolution during ethanol fermentation from SLW under SSA-F, SSA-U, MSA-F and MSA-U conditions.Fig. 4

The modified Gompertz model fit the experimental data well under the four fermentation conditions (SSA-F, SSA-U, MSA-F, MSA-U) with high coefficients of determination (R^2^) \> 0.99 ([Table 3](#tbl0015){ref-type="table"}). The potential maximum bioethanol concentration (P~m~) ranged from 31.06 g/L (SSA-U) to 21.79 g/L (MSA-U). The high P*~m~* value obtained under SSA-U can be attributed to its higher μ*~max~* and 1/K~S~ values compared to MSA-U thus inferring the *S. cerevisiae* cells had a higher affinity for the steam pretreated substrate. In addition, taking into account the aforementioned factors that contributed to the decline in pH, the higher P~m~ obtained for SSA-U was expected. The undissociated form of weak lipophilic acids such as acetic acid induces acidification of the cell cytoplasm by accumulating inside the cells. This leads to a decrease in cell metabolic activity \[[@bib0210]\].Table 3Comparison of the kinetic values in the modified Gompertz model from SLW and other lignocellulosic biomass.Table 3SubstrateModified Gompertz modelReferencesP*~m~* (g/L)r*~p,m~* (g/L.hr)t*~L~* (h)R^2^SLW (SSA-F)30.492.813.390.99This studySLW (SSA-U)31.062.443.140.99This studySLW (MSA-F)23.262.853.170.99This studySLW (MSA-U)21.792.793.220.99This studySorghum17.150.526.310.98\[[@bib0165]\]Sugar beet raw juice73.314.391.040.99\[[@bib0125]\]Sweet sorghum juice60.042.093.070.99\[[@bib0070]\]Food waste1042.226.410.99\[[@bib0215]\]Oil palm frond juice3.790.080.77--\[[@bib0145]\]

Yan et al. \[[@bib0215]\] reported a higher P*~m~* (104 g/L) from food waste using *S. cerevisiae* HO58 whereas, a lower P*~m~* (17.15 g/L) was recorded from sorghum leaves using *S. cerevisiae* BY4743 \[[@bib0165]\]. The differences in P*~m~* can be attributed to different sugar concentrations and yeast strains employed. Compared to the reported maximum ethanol production rate (r*~p,m~*) of 2.09 g/L.hr obtained from sweet sorghum juice and 0.08 g/L.hr reported from oil palm frond \[[@bib0145]\], the r*~p,m~* obtained in this study between 2.44 and 2.85 g/L.h, are desirable since higher production rates are preferred at large scale. Likewise, a shorter lag time is favoured thereby implying the yeast cells have acclimated to the fermentation conditions. The lag time (t*~L~*) for bioethanol production in this study ranged from 3.14 to 3.39 h thereby indicating no significant variation between the SSA-F, SSA-U, MSA-F and MSA-U experiments. Higher lag times have been reported by Rorke and Gueguim Kana \[[@bib0165]\] from sorghum leaves (6.31 h) and Yan et al. \[[@bib0215]\] from enzymatically pretreated food waste (6.41 h). A similar lag time of 3.07 h was observed by Phukoetphim et al. \[[@bib0070]\] from sweet sorghum juice whereas a low lag time (1.04 h) was reported from sugar beet raw juice \[[@bib0125]\]. Lag time can be affected by factors such as working volume, inoculum type and size, and substrate type and concentrations.

The SSA-F and SSA-U experiments gave a similar fermentation efficiency (92.86 and 93.97% respectively) and ethanol productivity (1.095 and 1.11 g/L h respectively), as shown in [Table 4](#tbl0020){ref-type="table"}. Sugar utilization followed a similar trend with 86.67% and 83.33% for SSA-F and SSA-U respectively. MSA-F and MSA-U gave lower fermentation efficiencies of 75.05 and 74.10% respectively and ethanol productivities of 0.885 and 0.874 g/L h respectively. Therefore, no significant difference was observed between filtered and unfiltered enzymatic hydrolysate, indicating that the presence of sugarcane leaf biomass did not hinder bioethanol production. In fact, under SSA-U conditions, ethanol production was slightly higher. Reported ethanol production from oil palm frond juice and sugarcane juice showed a lower fermentation efficiency compared to SSA but a higher efficiency compared to MSA ([Table 4](#tbl0020){ref-type="table"}; \[[@bib0145],[@bib0220]\]).Table 4Comparison of bioethanol production from SLW and other reported lignocellulosic biomass.Table 4SubstrateSugar utilization (%)Max ethanol production (g/L)Ethanol productivity (g/L hr)Fermentation efficiency (%)ReferenceSLW (SSA-F)86.6728.471.09592.86This studySLW (SSA-U)83.3328.811.1193.97This studySLW (MSA-F)78.3323.010.88575.05This studySLW (MSA-U)76.2722.720.87474.10This studyOil palm frond juice94.0511.500.1276.52\[[@bib0145]\]Sugarcane juice98.0067.000.9378.43\[[@bib0220]\]Sweet sorghum juice10072.431.0194.60\[[@bib0225]\]

The unfiltered enzymatic hydrolysate results (SSA-U and MSA-U) are comparable to previous studies where the enzymatic hydrolysate was filtered prior to fermentation. For instance, Mishra et al. \[[@bib0230]\] observed an ethanol concentration of 29 *g*/L from filtered enzymatic hydrolysate of acid pretreated rice straw. A maximum ethanol concentration of 2.95 *g*/L was reported from the filtered enzymatic hydrolysate of alkali pretreated hazelnut shells \[[@bib0235]\]. This is an indication that unfiltered enzymatic hydrolysate gave similar ethanol concentrations to filtered enzymatic hydrolysate in a separate hydrolysis and fermentation (SHF) system. The separation of the solid biomass requires an additional unit operation that can contribute to about 5% of the annual operating costs; thus impacting on the process economics at large scale \[[@bib0055]\]. In addition, the process time for centrifugation or filtering reduces the productivity of the process and impacts the number of batch runs annually. Some studies have employed the simultaneous saccharification and fermentation (SSF) system to circumvent the need for a filtering stage however, previous reports on SSF have given significantly lower ethanol concentrations compared to the concentrations obtained in this study. For example, a SSF system using steam exploded acorn produced 1.97 *g*/L ethanol \[[@bib0240]\] while acid pretreated *Saccharina japonica* gave 6.65 *g*/L ethanol \[[@bib0245]\]. A slight higher ethanol concentration of 13.6 *g*/L was reported from *Arundo donax* \[[@bib0250]\]. Although these lower yields could be attributed to many factors such as yeast strain and substrate, the SHF system does offer some attractive features. This includes the ability to optimize the saccharification and fermentation process separately, thereby improving the respective product yields.

3.3. Feed analysis {#sec0065}
------------------

Effluent from the SSA-U process (ethanol concentration of 28.81 g/L and final biomass concentration of 4.56 g/L) underwent compositional and nutritional analysis to determine its potential as animal feed ([Table 5](#tbl0025){ref-type="table"}). The solid biomass from the SSA-U effluent was shown to contain 6.0% crude protein. Protein content values of between 1.6 and 26% are commonly reported in feedstock compositions and therefore the obtained protein content of 6.0% fell within this range \[[@bib0255]\]. Other common animal feed such as wheat and corn cobs have reported a protein content of 4.8 and 3.0% respectively \[[@bib0255]\]. The high protein content from the SSA-U biomass can be accounted for by the nitrogen rich yeast biomass. Furthermore, the SSA-U process gave a fat content of 2.57%, which was well within the reported range of 0.1 to 19.3% from other lignocellulosic biomass \[[@bib0255]\]. Cotton seeds and wheat have previously been reported to contain a similar fat content, 2.5 and 1.9% respectively. Since fat provides more than twice the energy compared to carbohydrates and proteins, it is an essential component in animal feed \[[@bib0260]\]. A major bottleneck with many animal feeds is the low digestibility due to the high lignin content \[[@bib0065]\]. The SSA pretreatment of SLW caused significant (80.5%) delignification, thereby enhancing the digestibility \[[@bib0045]\]. The effluent can be supplemented with additional nutrients, depending on the specific requirements. Developing a suitable methodology for the use of this waste-stream for animal feeding could enhance the environmental and economic outlook of this process since no waste treatment and disposal will be required.Table 5Comparison of the feed analysis for the SSA-U solid residues and other common animal feed.Table 5**Substrate**AshFatCPCaMgKNaPZnCuMnFeRef%mg/kgSLW (SSA-U)6.272.576.00.110.090.330.600.2933430132This studyWheat7.61.94.80.310.141.550.120.10NDNDNDND\[[@bib0255]\]Corn cob2.20.63.00.100.060.900.040.06NDNDNDND\[[@bib0255]\]Cotton seeds2.82.56.20.180.171.160.020.12NDNDNDND\[[@bib0255]\][^3][^4]

4. Conclusion {#sec0070}
=============

In this study, three empirical models, i.e. Monod, logistic and modified Gompertz, were employed to describe *S. cerevisiae* BY4743 growth and ethanol production from pretreated SLW under SSA-F, SSA-U, MSA-F and MSA-U fermentation conditions. All models fit the experimental data well with high coefficients of determination R^2^ \> 0.98, indicating their potential application for large scale operations. Steam salt-alkali pretreated SLW produced 25% more bioethanol compared to microwave salt-alkali. Furthermore, no difference was observed between filtered and unfiltered enzymatic hydrolysate experiments for both pretreatments. These findings provide crucial insights into enhancing the cost, productivity and environmental outlook for scale up processes.
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[^1]: Pred -- Predicted.

[^2]: Exp -- Experimental.

[^3]: CP- Crude protein.

[^4]: ND -- Not determined.
